SUMMARY Infection of cultures of three different normal rodent cell lines with murine sarcoma virus (MSV) resulted in very rapid loss of contact inhibition of growth and morphological transformation. In the case of two of these lines, anchorage dependence of growth was also rapidly lost but with the 3rd, C3H10T½ C1.8, an established line of mouse embryo fibroblasts, there was a delay of many cell generations before the cells became anchorage independent. This was despite 100% successful infection, as assessed by focus assays of the infected cells. The acquisition of anchorage independence was correlated with a substantial increase in tumorigenicity. A number of MSV-infected clones, isolated at random from C3H10T½ C1.8 cultures immediately after infection with MSV, also showed a progressive increase in anchorage independence and tumorigenicity, indicating that the progressive transformation of the uncloned cells could not be entirely due to selection of rare anchorage-independent, tumorigenic clones. It was concluded that neoplastic transformation of C3H 10T½ C 1.8 cells by MSV is a multi-step process.
INTRODUCTION
A number of observations, both clinical and experimental, have indicated that tumour development in vivo proceeds through a number of intermediate stages (Foulds, 1969 (Foulds, , 1975 Berenblum, 1978; Doll, 1971; Knudsen, 1976) . However, it is not clear whether these different stages represent a single-step transformation of a normal cell to a neoplastic cell, followed by the failure of surveillance mechanisms to eliminate the transformed clone, or whether the process of transformation is itself multi-step. This question may be resolved by studying the process of neoplastic transformation in vitro where surveillance mechanisms are absent. Recently, evidence has been presented indicating that in vitro transformation by chemical carcinogens involves several steps (Mondal et al., 1976; Barrett & Ts'o, 1978; Lasne et al., 1974) . In this report, data are presented to show that the in vitro neoplastic transformation of an established line of normal murine fibroblasts, C3H10T½ C1.8, is a multi-step process; morphological changes and the loss of contact inhibition of growth occurring early after infection, but the development of anchorage independence and tumorigenicity occurring only after a number of cell generations. This indicates that infection by MSV is not sufficient for the full expression of the neoplastic-transformed phenotype of the cell but that other factors are required, presumably changes in cellular gene expression occurring after infection. Two other normal rodent cell lines, NIH/3T3 C 14E and NRK, were found to express the full in vitro transformed phenotype immediately upon infection. Presumably, in the case of these cells, the cellular changes required had occurred before or very soon after MSV infection. were used. These three lines, whilst all aneuploid, were morphologically normal, anchorage dependent, and in the case of NIH and C3H cells, failed to give tumours when injected into syngeneic hosts; the tumorigenicity of the NRK cells was not tested. Cells were cultured in Eagle's minimal essential medium supplemented with 10% newborn calf serum, penicillin and streptomycin. The virus used for transformation was a single stock of the Kirsten strain of MSV/murine leukaemia virus (MLV) harvested from a clone of productively transformed NRK cells. The virus titre was approx. 2.5 x 106 f.f.u./ml (MSV) and 1 × l0 s p.f.u./ml (MLV) as determined by focus assay in NIH cells (Jainchill et al., 1969) and plaque assay by the XC method respectively. A cloned stock of the Kirsten strain of MLV, free of any detectable transforming virus (the gift of Dr R. J. Avery of this department), was used for rescue of MSV (see below).
Infection of C3H cells with MS V and random isolation of clones. Sparse cultures in 25 cm 2 flasks were treated for 1 h at 37 °C with DEAE-dextran (25 pg/ml in PBS) and then infected at a multiplicity from 0.5 to 10, chosen so that most cells in the culture would be infected with MSV but not with MLV. Clones were derived from four infected ,cultures by trypsinizing the cultures 2 h after infection, before virus production and spread from infected cells could occur. They were then plated out in 96-well microtitre trays (one/culture) at a frequency of about 1 cell/3 wells. Two weeks later, the wells were scanned on a low-power microscope and those containing single colonies were marked. All such colonies were picked when sufficiently large, and allowed to grow. Anchorage dependence of cells was determined by plating cells in semi-solid agar medium, 1000 ceUs/5 cm Petri dish, in duplicate, using the method of MacPherson & Montagnier (1964) . Colonies were counted on a low-power microscope 14 to 21 days later. Cloning efficiency in liquid medium was determined by plating 100 cells/5 cm Petri dish in MEM supplemented with 20 % newborn calf serum. Colonies were fixed, stained and counted 10 to 14 days later. MSV rescue. Cells not producing MSV/MLV, but suspected of containing the MSV genome, were infected as described above with MLV. Infection of non-producer MSVtransformed cells rescues the MSV genome (Aaronson & Rowe, 1970) . After at least one passage, the medium from the infected cells was titrated by focus assay to detect rescued MSV. Tumorigenicity trials. The tumorigenicity of cell lines derived from C3H cells was determined by injecting cells subcutaneously into the scapular region of C3H/He mice (OLAC '76' Ltd., Shaw's Farm, Blackthorn, Bicester, U.K.). If the lines were producing MSV/MLV, 2-day-old mice were used, otherwise adult female mice were used.
RESULTS

Focus assay of MSV in different cell types
The titration by focus assay in NIH cells of the preparation of MSV used in these experiments followed single-hit kinetics; since there was an excess of MSV, the majority of loci formed grew by division of the MSV-infected cell rather than by spread of virus from (Morris & Clegg, 1978) . Consequently, foci appeared late, approx. 10 days after infection. The titre of this virus stock when assayed in C3H and NRK cells was the same as in NIH cells, with a similar time course for the appearance of loci (data not shown). This indicated that the sensitivity of the three cell types to MSV infection was the same. Since the generation of the foci requires the loss of contact inhibition of growth by the infected cell, these observations indicate that in all three cell types, contact inhibition was lost essentially immediately upon infection by MSV.
Morphological transformation by MS V of different cell types
Infection of NIH, C3H and NRK cells with high multiplicities of MSV (10 to 30) caused rapid morphological changes. Within 3 to 4 days of infection, essentially all the cells in the culture appeared transformed, being spindle-shaped and highly refractile compared with uninfected cells which were fiat and well spread out. In the case of the C3H cells, which have a relatively well-developed actin microfilament system (Hicks et al., 1980) , this disappeared within 3 to 4 days (N. J. Hicks, unpublished data).
Anchorage dependence of MS V-infected cells
Cultures of NIH, C3H and NRK cells were infected at high multiplicities with MSV (10 to 30 f.f.u./cell). After 3 to 4 days to allow integration and expression of the virus genome, the cultures were trypsinized, counted and aliquots of cells plated in agar for determination of anchorage dependence and on monolayers of normal cells for focus assay. Both NIH and NRK cells lost anchorage dependence by the 1st passage after infection, forming colonies in agar efficiently. However, C3H cells did not (Table 1) . This was not due to the infection being incomplete, since the focus assay showed that essentially all the cells in all three cultures were successfully infected (Table 1 ). The infected C3H cells were maintained in culture, subcultured when confluent at a 1:8 ratio and re-tested at several later passages. It was not until passage 9 (i.e. about 27 cell generations post-infection) that these cells formed colonies in agar. The efficiency with which colonies were formed in agar subsequently increased and at later passages was comparable with that of MSV-infected NIH or NRK cells. This increase in cloning efficiency in agar was not due to an increase with passage of cloning efficiency itself, i.e. the ability of a single cell to form a colony, since the cloning efficiencies in liquid medium of uninfected C3H cells, C3H cells immediately after infection, or C3H cells many passages after infection were all similar, Uninfected C3H cells did not form colonies in agar when tested up to 50 passages later than the passage level used for these experiments.
Tumorigenicity of MS V-Ofected C3H cells early and late after infection
C3H cells infected at high multiplicity, as above, were injected into newborn C3H/He mice 1 or 32 passages after infection. Newborn mice were used to avoid possible complications due to changes with passage in the antigenicity of the cells which, being producers of MSV/MLV, express MLV antigens on the cell surface. Focus assays showed that essentially 100% of cells were MSV infected. It was found ( Table 2 ) that the infected cells at passage 32 were much more tumorigenic than at passage 1, with tumours appearing in essentially 100% of the mice even at the lowest cell dose injected (103), whereas at passage 1 even at the highest cell dose (106) tumours did not appear in all the mice. Tumours appeared within 3 weeks of injection. Mice without tumours were observed for at least 3 months after injection.
Random isolation of clones from MSV-infected C3H cells
Clones were isolated at random from four cultures of C3H cells infected with different multiplicities of MSV. The cloning was random since MSV infection does not significantly increase cloning efficiency of these cells. Consequently, an MSV-infected cell and an uninfected cell are equally likely to generate clones. The clones were characterized as soon as possible after isolation for virological status (i.e. production of MSV/MLV or rescuability of MSV in the case of non-producers) or their ability to form foci, or both. One clone was isolated, MSV-C3H-144-9, which despite containing a rescuable MSV genome, did not form foci. A total of 18 clones (MSV-C3H clones) were isolated for which there was clear evidence of MSV infection, together with a number of uninfected clones. Of these 18 MSV-C3H clones, 14 failed to form colonies in agar (i.e. had retained anchorage dependence), when tested immediately after isolation (within one or two passages of trypsinizing the clone from the microtitre tray well), a further three formed a few small colonies which necrosed, and only one efficiently formed colonies (Table 3) .
Loss of anchorage dependence by MS V-C3H random clones
Several clones were passaged and repeatedly plated in agar. It was found in every case that, after a variable number of passages, anchorage dependence was lost and the cells formed colonies in agar. Cloning efficiency in liquid medium, carried out in parallel, did not significantly change with passage. Data obtained for six representative clones are shown in Fig. 1 .
Tumorigenicity of MS V-C3 H random clones
Five clones were tested for tumorigenicity at early and late passage. Four of these clones were non-producers and were tested in adult mice; the 5th, MSV-C3H-144-6, produced MSV/MLV and was tested in 2-day-old mice. In every case there was a clear difference in tumorigenicity at early and late passage, the late passage cells being much more tumorigenic than early (Table 4) . However, it was also clear that even at the earliest passages tested, most of the clones were tumorigenic to some degree.
DISCUSSION
The data presented above indicate that infection of C3H 10T½ C 1.8 cultures by MSV is not sufficient for the cultures to become fully transformed; it was found that morphological changes and the loss of contact inhibition of growth occurred immediately upon infection, but that anchorage independence of growth was acquired only after a number of generations had elapsed. The acquisition of anchorage independence, which is considered to correlate well with tumorigenicity (Shin et al., 1975) , was associated with a substantial increase in tumorigenicity. These changes in properties of MSV-infected cultures may have been in part due to the selection of rare clones, existing early after infection, which were anchorage independent and highly tumorigenic, and outgrew other clones. However, the finding that clones, derived at random, also showed increases with passage in anchorage independence and tumorigenicity indicates that clonal selection is not the only mechanism causing the progression in the properties of the uncloned cell cultures. These observations indicate that changes in the expression of cellular genes interacting with the virus-transforming genes are required for the development of the fully transformed phenotype. Presumably, in the case of the NIH and NRK cells, these changes occur either very rapidly upon infection or else have occurred before infection. Experiments carried out with primary fibroblasts derived from NIH mouse embryos showed that these ceils resembled C3H10T½ C1.8 fibroblasts in not becoming anchorage independent immediately after infection despite morphological transformation and 100% successful infection as shown by focus assays (A. Morris, unpublished data). Experiments were not continued with these cells however since (i) they were, unlike C3H10T½ C 1.8 cells, a very heterogeneous culture, (ii) MSV infection very much increased the cloning efficiency in liquid medium (from essentially 0 to about 5 %), thus making random clone isolation impossible. These considerations make experiments with primary cell cultures uninterpretable.
Results from other types of experiment have indicated that cellular functions, in addition to the expression of virus-transforming genes (Scolnick et al., 1972) , are required for the expression of the transformed phenotype by retrovirus-infected cells. Thus, recent work by Turek & Oppermann (1980) has shown that a series of subclones from an NRK clone infected with the SR-D strain of avian sarcoma virus may have either a normal or transformed morphology. The morphology of these clones, all of which contain the virus genome, correlated with the level of expression of the 60 000 mol. wt. phosphoprotein product of the virus src gene. In particular, the isolation of revertants of retrovirus-transformed cells which contain wild-type virus genomes clearly indicates the involvement of cellular functions (Boettiger, 1974; Deng et al., 1974; Krzyzek et al., 1977; Stephenson et al,, 1973; Porzig et al., 1979) . It appears that, in at least some cases, reversion is due to a transcriptional block on virus gene expression. This block may be cis-acting since superinfection with the same sarcoma virus results in re-transformation (Porzig et al., 1979) . In other cases, the block appears to be post-transcriptional (Krzyzek et at., 1977) . Cellular modification of virus gene expression could account for the progression in transformation reported here. However, other mechanisms are possible; the src gene product may for example act as a promoter, as has been suggested in the case of avian sarcoma virus transformation (Bissell et al., 1979) . Whatever the exact mechanism by which MSV causes neoplastic transformation of cells, it does appear that the process occurs in at least two stages in at least one cell type, and thus, in this respect, resembles in vitro chemical carcinogenesis (Barrett & Ts'o, 1978) . This supports the contention that in the case of carcinogenesis in vivo at least two of several stages required for the development of a malignant tumour are steps in the initial cellular transformation event.
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